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Soybean oilIn this paper, the transesteriﬁcation of soybean oil with ethanol is studied. The transesteriﬁcation process can
be affected by differing parameters. The biodiesel production process was optimized by the application of
factorial design 24 and response surface methodology. The combined effects of temperature, catalyst
concentration, reaction time and molar ratio of alcohol in relation to oil were investigated and optimized
using response surface methodology. Optimum conditions for the production of ethyl esters were the
following: mild temperature at 56.7 °C, reaction time in 80 min, molar ratio at 9:1 and catalyst concentration
of 1.3 M.: +55 85 3366 9610.
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Biodiesel has become more attractive recently, because of its
environmental beneﬁts and the fact that it is made from renewable
resources [1]. The transesteriﬁcation of vegetable oils with methanol or
ethanol, as well as the main uses of the fatty acid ethyl esters, are
reviewed in current literature [1–3]. The general aspects of this process
and the applicability of different types of catalysts—acids, alkaline metal
hydroxides, alkoxides andcarbonates, enzymes andnonionic bases, such
as amines, amidines, guanidines and triamino(imino) phosphoranes—
are described at ambient or elevated pressures, as well as temperatures
[2–5]. “Transesteriﬁcation” is the general term used to describe the
important class of organic reactionswhere one ester is transformed into
another through interchange of the alkoxy moiety. When the original
ester is reacted with an alcohol, the transesteriﬁcation process is called
“alcoholysis” (see Fig. 1). Several parameters, including the type of
catalyst (alkalineor acid), alcohol/vegetable oilmolar ratio, temperature,
purity of the reactants (mainlywater content) and free fatty acid content
have an inﬂuence on the course of the transesteriﬁcation by reaction.
Soap is produced when a higher free fatty acid or a greater number of
water molecules is available.There are many studies of the alcoholysis of triglycerides using
homogeneous catalysts [6–10]. For homogeneous catalysts, high
conversions are easy to achieve in less than an hour of reaction at
temperatures from 40 to 65 °C [11,12]. Typically, higher temperatures
are not used to avoid system pressures, which require pressure vessels.
Generally, the alcohols employed in the transesteriﬁcation are
short-chain alcohols, such as methanol, ethanol, propanol, and
butanol. Ma et al. [13] reported that when transesteriﬁcation of
soybean oil using methanol, ethanol and butanol is performed, 96–
98% of ester can be obtained after an hour of reaction.
In the transesteriﬁcation of vegetable oils, a triglyceride reacts with
an alcohol in the presence of a strong acid or base, and thereby produces
amixture of fatty acids, alkyl esters and glycerol [5]. The overall process
is a sequence of three consecutive and reversible reactions in which di-
and monoglycerides are formed as intermediates (see Fig. 2). The
stoichiometric reaction requires 1 mol of a triglyceride and 3 mol of the
alcohol. However, an excess of the alcohol is used to increase the yields
of the alkyl esters and to allow its phase separation from the glycerol (an
undesirable product).
Annual soybean oil production in Brazil is estimated at more than
1.8 million m3. Alcohol production in Brazilwas initiatedon a large scale
in 1975 at the National Program for Alcohol (1975–1985). The
sugarcane industry has played a signiﬁcant political and economic role
in Brazil historically. Currently, that industry employs between 0.8 and
1 million people directly, producing annually some 11.2×106ton of
sugar and about 13×109 L of ethanol, with an equivalent 220,000
barrels/day of gasoline imports [13–16]. Therefore, this study of the
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Fig. 1. Scheme of general transesteriﬁcation reaction.
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production of biodiesel is signiﬁcant, as well as important for the
environment.
The experiments discussed in this paper were designed to
optimize the production process for biodiesel by transesteriﬁcation
of soybean oil with ethanol, where several parameters, including
catalyst, alcohol/vegetal oil molar ratio, and temperature would
inﬂuence the transesteriﬁcation. This study's main objective was to
develop an approach for better understanding the relationships
between the variables (ethanol-to-oil ratio, catalyst concentration,
reaction time and temperature) and the response (ethyl esters and
glycerol)—to obtain the optimum conditions for biodiesel production
using central composite rotatable design (CCRD) and response surface
methodology (RSM). The CCRD has the advantage of predicting
responses based on a few sets of experimental data, in which all
parameters vary within a chosen range.
2. Materials and methods
2.1. Materials
Reﬁned soybean oil was purchased from Bunge Alimentos S.A.
(Brazil); ethyl alcohol andacetic acidwere acquired fromSynth (Brazil);
and NaOH, KOH, NaIO4, NaCl, NH4Cl, H2SO4, Na2SO4, Na2CO3, Na2S2O4
and KIO3 were obtained from Vetec (Brazil). Glycerol, hexane and
tetrachlorocarbonwere acquired from J.T. Baker, Phillipsburg, NJ (USA);
and petroleum ether, phenolphthalein, oleic, linolenic and linoleic acid
were obtained from Sigma-Aldrich, Milwaukee, WI (USA).
2.2. Transesteriﬁcation reaction assays and analysis
The transesteriﬁcation reaction was carried out with ethanol/oil
ratio (i.e., 3:1, 6:1, 9:1, 12:1 and 15:1 M), using 0.1%, 0.5%, 0.9%, 1.3%
and 1.7% w/v of NaOH, as an alkaline catalyst. The reactor (described
in the later part) was preheated, and then the oil was added. When
the reactor reached the temperature established for the reaction, the
ethanol and the catalyst were added, in the amounts established for
each experiment, taking that point in time as being time zero of the
reaction. The reaction was carried out at 40, 50, 60, 70 and, 80 °C and
the reaction times were 40, 60, 80, 100, and 120 min. The choice of
said variables and their range were selected based on several outside
sources and on preliminary studies in our laboratory. The combination
of these variables (temperature, catalyst concentration, reaction time
and molar ratio of alcohol to oil) was used in a factorial experimental
design for biodiesel production optimization by transesteriﬁcation of
soybean oil with ethanol.catalyst
Glycerol
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Fig. 2. Transesteriﬁcation of triglyceride with alcohol of three consecutive and
reversible reactions, where R′ represents alkyl groups.Reﬁned soybean oil was used, and the free acid content of the oil
was determined by tritation according to AOCS methods, Ca 5a-40 to
be 0.09%. The amount of used NaOH (dissolved in ethanol) was based
on the amount needed to neutralize the unreacted acids (Ofﬁcial
Methods and Recommended Practices of the AOCS, 1997).
The reaction product was allowed to settle overnight before the
glycerol layerwas removed from the bottom, in a separatory funnel, in
order to collect the biodiesel layer from the top. The apparatus used
for the transesteriﬁcation reaction was a 1-L stainless steel jacketed
batch reactor with mechanical stirring (two-blade propeller turbine
agitator), sampling port and a reﬂux condenser, using cold tap water
to condense ethanol vapor.
The ethyl esters obtained from the transesteriﬁcation reaction
were analyzed by gas chromatography using a Varian 3400 CX
instrument (Varian, Walnut Creek, Calif., USA), equipped with a
capillary injection system RTX-5MS, column (15 m×0.25 mm),
coated with a 0.25 μm ﬁlm, with a split ratio of 100:1 and a sample
size of 1 μL. The injector temperature was 240 °C, the oven
temperature was programmed from 50 °C to 250 °C, and the detector
temperature was 200 °C. The glycerol yield (Yglycerol) was deﬁned as a
mass of glycerol from transesteriﬁcation (Wfree glycerol) per mass of
triglyceride (Wcombined glycerol) in the beginning of the assay.
2.3. Factorial experimental design and optimization of parameters
Temperature, ethanol-to-oil ratio, catalyst concentration and
reaction time were chosen as independent variables, and the
production of ethyl esters and glycerol were the dependent variables.
The experimental range and levels of independent variables for
biodiesel production are given in Table 1. For this study, a set of 30
experiments including the 24 factorial experiments, 8 star points and
6 center points were carried out. Usually a low-order polynomial in
some range of independent variables is employed for modeling. If the
response is well modeled by a linear function of independent
variables, then the approximating function is the ﬁrst-order model.
If there is curvature in the system, then a polynomial of higher degree
must be used, such as the second-ordermodel [17]. In this study, there
was a curvature. Experiments were then employed to ﬁt the second-
order polynomial model, which indicated that 30 experiments were
required for this procedure [17–19]. As already mentioned, a
signiﬁcant curvature effect was observed, then 8 star points, coded
α, (runs 17 to 24 in Table 2) were added to the 22 experiments
to form a central composite design (runs 1 to 16 and 25 to 30 in
Table 2). The distance of the star points from the center point is
given by α=2n/4, where n is the factor numbers (for two factors,
α=22/4=1.414).
The coded values of the independent variables for the design of the
experiment for biodiesel production and glycerol are given in Table 2.
For statistical calculations, the variables Xi were coded as xi according
to the following relationship:
xi =
Xi−Xoð Þ
X
ð1ÞTable 1
Experimental range and levels of independent process variables for biodiesel
production.
Independent variable Range and level
−α −1 0 1 α
Molar ratio (x1) 3:1 6:1 9:1 12:1 15:1
Catalyst concentration (wt.%) (x2) 0.1 0.5 0.9 1.3 1.7
Temperature (°C) (x3) 40 50 60 70 80
Time of reaction (min) (x4) 40 60 80 100 120
Table 2
Full factorial central composite design matrix for biodiesel production.
Run Independent variables Responses
x1 x2 x3 x4 Ethyl esters
(%)
Glycerol
(%)
1 −1 −1 −1 −1 79 4.5
2 +1 −1 −1 −1 83 9.5
3 −1 +1 −1 −1 84 9.1
4 +1 +1 −1 −1 95 3.4
5 −1 −1 +1 −1 56 3.4
6 +1 −1 +1 −1 78 10.9
7 −1 +1 +1 −1 79 2.5
8 +1 +1 +1 −1 94 1.5
9 −1 −1 −1 +1 56 4.3
10 +1 −1 −1 +1 93 4.5
11 −1 +1 −1 +1 94 0.6
12 +1 +1 −1 +1 92 1.3
13 −1 −1 +1 +1 49 6.1
14 +1 −1 +1 +1 72 5.6
15 −1 +1 +1 +1 67 1.8
16 +1 +1 +1 +1 92 2.5
17 −α 0 0 0 49 4.2
18 +α 0 0 0 77 5.5
19 0 −α 0 0 60 5.4
20 0 α 0 0 79 6.2
21 0 0 −α 0 71 6.9
22 0 0 +α 0 81 4.7
23 0 0 0 −α 69 4.8
24 0 0 0 +α 72 5.7
25 0 0 0 0 75 5.8
26 0 0 0 0 71 6.0
27 0 0 0 0 74 5.4
28 0 0 0 0 70 6.4
29 0 0 0 0 69 6.1
30 0 0 0 0 75 5.2
Table 3
Regression analysis (ANOVA) for Eq. (3).
Sources of
variation
Sum of
squares
Degrees of
freedom
Mean
squares
Fvalue Probability P
Model 0.7690 8 0.0961 122.6 0.00052
Residual 0.0165 21 0.0008
Total 0.7855 29
Correlation coefﬁcients: R2=0.922.
F(0.95,8,21)=2.42.
Fig. 3. Pareto chart of standardized effects on ethyl esters production. (L) is the linear
and (Q) is the quadratic interaction of variables.
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is (variable at high level−variable at low level)/2. Where x1 is a coded
variable that represents the molar ratio, x2 is a coded variable that
represents the catalyst concentration, x3 is a coded variable that
represents the temperature and x4 is a coded variable that represents
the time of reaction.
The behavior of the system discussed is described by a quadratic
equation, Eq. (2), which follows [20,21]. A multiple regression data
analysis was carried out with the statistical package (StatSoft Inc.,
Tulsa, Okla., USA). The optimum values of selected variables were
obtained by solving the regression equation and also by analyzing the
response surface contour plots:
Y = βo+ ∑
k
j=1
βjxj +∑∑
ib j
βijxixj+ ∑
k
j=1
βjjx
2
j + ε ð2Þ
where Y is the predicted response; βo, βj, βij and βjj constant
coefﬁcients; xi and xj are the coded independent variables or factors;
ε is random error.
3. Results and discussion
3.1. Regression equation for ethyl esters
It is known that the most important parameters affecting the
efﬁciency of the biodiesel production are molar ratio (x1), concentra-
tion of catalyst (x2), temperature (x3) and time (x4) for reaction. In
order to study the interaction factors (combined effect of these
factors), experiments were performed varying physical parameters,
using experimental design. By applying multiple regression analysis
on the Table 2 data, the experimental results of the full factorial
central composite design were ﬁtted to the polynomial Eq. (2). Theadjusted model obtained for ethyl esters production, as a function of
the more signiﬁcant variables, is shown in Eq. (3).
YEthyl esters = 0:72 + 0:17x1 + 0:13x2− 0:04x3 + 0:05x23
+ 0:029x24− 0:06x1x2 + 0:07x1x3 + 0:072x1x4
ð3Þ
This ﬁt of the model was checked with the coefﬁcient of
determination R2, which was calculated to be 0.922, indicating that
92.2% of the response variability could be explained by the previously
discussed model. This study indicates that the model can be
considered statistically signiﬁcant according to the F-test with 95%
of conﬁdence, as the F-value of 122.6 is much higher than F (8,21),
showing that the model is signiﬁcant at 95% conﬁdence level. The
probability p-value is low (0.00052), indicating the signiﬁcance of the
model speciﬁed previously, according to the ANOVA Table 3.
According to Fig. 3, molar ratio (x1) and concentration of catalyst
(x2) are themost signiﬁcant variables for biodiesel production (effect of
x1=16.463 and effect of x2=12.701), followed by their interaction
molar ratio (L) with time (L) (x1x4) (effect of x1x4=5.933), as well as
molar ratio (L) with temperature (L) (x1x3) (effect of x1x3=5.912).
Molar ratio (x1) has a substantially higher effect on the ethyl esters
production compared to the catalyst concentration (x2).Where (L) is
the linear and (Q) is the quadratic interaction of variables. In the
presence of an interaction effect, the variables cannot be analyzed
separately, therefore the application of statistical methods reveals the
interactions x1x4, x1x3 and x1x2 are signiﬁcant (effect of x1x2=−5.065).
According to Fig. 3, temperature (L) has a negative effect in ethyl
esters production (−3.77), however temperature has a positive
quadratic effect (Q) (5.30); therefore, temperature-effect forecasts
are not straightforward. Time (L) is not signiﬁcant for ethyl esters
production at the conﬁdence interval considered (95%), but time (Q)
presents a signiﬁcant effect on biodiesel production (3.21). Note that
the chosen optimum conditions took into consideration temperature
and time interactions, which are important in deﬁning the operational
cost of biodiesel production on an industrial scale.
Fig. 5. Response surface contour for interaction on ethyl esters production between
molar ratio and temperature.
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interactive effects, are shown in Figs. 4, 5 and 6. Fig. 4 shows the
response for the interactive factor temperature and catalyst concen-
tration. As expected, Fig. 4 shows that ethyl esters conversion
increases when high catalyst concentration is applied. However, as
with the work of Vicente et al. [22], it was observed that temperatures
(N60 °C) and catalyst concentrations (N1.5%) led to the production of
large amounts of soaps in this study. Furthermore, the addition of an
excessive amount of catalyst increases emulsion formation.
The response surface corresponding to the second-order model
indicates that for low temperatures, ethyl esters production increases
with an increasing catalyst concentration. Maximum ethyl ester
conversions are therefore obtained from large catalyst concentrations
(1.7 wt.%). This is due to the second most signiﬁcant factor being the
catalyst concentration, and to its effect being positive (see Fig. 3).
When soybeanoil andNaOHdissolved in ethanol react, there are two
reaction pathways: transesteriﬁcation to produce biodiesel and sapon-
iﬁcation toproducesoap; therefore, forecasting the temperature effect is
not straightforward. There are two equilibrium reactions. When
saponiﬁcation reaction is favored, NaOH is lost and the overall process
rate decreases. NaOH is a catalyst on transesteriﬁcation reaction and a
reagent on saponiﬁcation reaction. On the other hand, the transester-
iﬁcation reaction can be favoredwhen adequate temperatures are used.
Low temperature decreases the saponiﬁcation reaction rate, thus
transesteriﬁcation reaction is favored. When temperatures increase,
the reaction rates are obviously higher because molecules have more
energy, but the saponiﬁcation reaction rate speeds up, therefore the
transesteriﬁcation reaction yield decreases. That could be compensated
for eventually through an increase of selectivity for biodiesel, but that
was not the case (see Fig. 4). When operating at much higher
temperatures, the transesteriﬁcation reaction is faster than the
saponiﬁcation reaction, thus NaOH is again a catalyst. Therefore,
temperature was tested as an important variable to enhance the
reaction in biodiesel production. To summarize, deﬁning the best
temperature is clearly an optimization problem.
Fig. 5 shows the response for the interactive factors of temperature
and molar ratio. Fig. 6 shows the response for the interactive factor of
time and molar ratio. The 3D response surface plots indicate that the
ethyl esters production increases when ethanol concentration
increases (molar ratio: ethanol/oil) (see Fig. 5). Therefore, the
maximum biodiesel conversions are obtained for high molar ratio.
This is caused by the stoichiometry of transesteriﬁcation, whichFig. 4. Response surface contour for interaction on ethyl esters production between
temperature and catalyst concentration.requires a 3:1 M ratio of alcohol to triglyceride, since this reaction
involves the conversion of one ester and an alcohol towards another
ester and another alcohol, as an excess of alcohol is used to drive the
reaction near completion. Consequently, the ethanol concentration
results in a greater biodiesel conversion within a shorter time (see
Fig. 6) [23–25]. On the other hand, an excessive amount of alcohol
makes the recovery of glycerol difﬁcult [1,5]; therefore, the ideal
alcohol/oil ratio has to be established empirically, considering each
individual process. Fillieres et al. [26] found a molar ratio between 9:1
and 12:1 to be the best for ethanol.
Higher production of ethyl esters is strongly favored when high
molar ratio is employed for a certain time of reaction (x4),
temperature (x3) and catalyst concentration (x2) (see Figs. 5 and 6).
The molar ratio (ethanol/oil) is a fundamental variable in the
transesteriﬁcation of the biodiesel production. This said molar ratio
affects the separation and recovery of glycerol. A molar ratio of 6:1 is
generally considered the most appropriate for methanol, although in
this work, as has been indicated, we found the molar ratio 9:1 to be
the best for ethanol. Nevertheless, the results are quantitatively
similar to those of the literature [1,2,5,6,22–25].Fig. 6. Response surface contour for interaction on ethyl esters production between
molar ratio and time.
Table 4
Optimum values of the process parameter for maximum efﬁciency.
Parameters Optimum values
Ethyl esters (%) 95
Molar ratio (x1) 9:1
Catalyst concentration (wt.) (x2) 1.3
Temperature (°C)(x3) 40.0
Time (min) (x4) 80
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(biodiesel yield) depends on the large excess of alcohol [5,26].
However, in this study, the high molar ratio of alcohol to vegetable oil
only interfered in the glycerol separation, since there was an increase
in solubility. When glycerol remains in solution, it helps driving the
equilibrium back to the left, thereby lowering the yield of esters. The
transesteriﬁcation of soybean oil with ethanol was studied at molar
ratios between 3:1 and 15:1. When temperature was high, higher
ethyl ester yield was achieved (see Fig. 5), mainly when the molar
ratio increased to values of 15:1. On the other hand, at lower
temperatures (35 °C), the best results were for molar ratios between
9:1 and 12:1. For molar ratios less than 6:1, the reaction was
incomplete. For a molar ratio of 15:1 the glycerol separation was
difﬁcult and the apparent yield of esters decreased, since some of the
glycerol remained in the biodiesel phase. Therefore, molar ratio 9:1
seems to be the most appropriate. Several workers have found similar
results for biodiesel production [26–28].
Fig. 7 shows the ethyl ester yield as function of molar ratio and
catalyst concentration under experimental conditions deﬁned by
factorial design shown in Section 2. It is possible to observe that
higher ethyl ester yields occur at higher molar ratio (N12:1) and at
higher catalyst concentration (N1.3 wt.%). When molar ratio values
were low (b6:1), yields increased with catalyst concentration.
However, when molar ratio was kept in its higher level (15:1), a
higher ethyl ester yield was always achieved. Thus, catalyst
concentration is the most important factor in improving ethyl ester
yields. However, excess catalyst can produce emulsions and the
biodiesel that is produced has difﬁculty in the separation phase.
It has been reported that low catalyst concentration increases
conversions with methanol-to-oil ratio [30]. In this present study,
applying response surface design, we observed that for ethanol, ethyl
esters production increases when catalyst concentration increases for
low molar ratio.
The optimum values of selected variables were obtained by solving
the regression Eq. (3). The optimum values of the process variables for
maximum ethyl esters production are shown in Table 4, when a yield
of 95% was achieved. The ester yield increased as the molar ratio also
increased up to a value of 12:1. The best results were for molar ratios
between 9:1 and 12:1. The reaction was incomplete for molar ratios
less than 6:1. For a molar ratio of 15:1, the glycerol separation was
difﬁcult and the apparent yield of esters decreased, because of aFig. 7. Response surface contour for interaction on ethyl esters production between
time and catalyst concentration.portion of the glycerol remaining in the biodiesel phase. Table 4
indicates that the value molar ratio for ethanol (9:1) was higher than
the molar ratio found by Freedman et al. [29] in the methanol (6:1).
However, it was lower than the molar ratio found by Encinar et al.
[31], who studied the transesteriﬁcation of Cynara oil with ethanol
(12:1). Therefore, molar ratio 9:1 seems to be the most appropriate.
Thus, reactionwith ethanol uses amolar ratio higher than the reaction
with methanol. Therefore, the phase separation becomes more
difﬁcult when molar ratio of ethanol increases due to its miscibility
increasing for both phases (glycerol and ethyl ester).
The optimum-value temperature was 40.0 °C. This temperature is
below the boiling point of alcohol. Therefore,molar ratio (ethanol/oil) is
used between 6:1 and 12:1, since it did not evaporate. The transester-
iﬁcation rate increases as the temperature increases. However, the
maximumoperating temperature cannot exceed the boiling point of the
reactants. Encinar et al.'s [31] study of the ethanolysis of reﬁned Cynara
cardunculus oils achieved the best results at 75 °C. This temperaturewas
higher than the one in this present experiment. However, transester-
iﬁcationmayoccur at different temperatures, dependingon theoil used.
In addition, ethanol/oil presents the difference in solubility as a function
of temperature.
The highest ethyl ester yieldswere achievedwhen the reaction time
was 80 min. Other authors reported that similar yields of biodiesel may
be obtained following ethanolysis or methanolysis; however, the
reaction times required to attain them are very different: methanolysis
is quicker than ethanolysis [32].
The optimum value of catalyst concentration was at 1.3% w/v. This
value agreeswith the values duly presented in the literature [1,5,6]. As
a typical catalyst concentration for transesteriﬁcation reactions (0.5 to
1.5 wt.%), the results that were obtained agreed with those obtained
from the response surface analysis, conﬁrming that the RSM was
effectively used to optimize biodiesel production.
3.2. Regression equation for glycerol
The adjusted model obtained for glycerol production, as a function
of the more signiﬁcant variables, is shown in Eq. (4). According to the
ANOVA (see Table 5), the response presented high correlation
coefﬁcients (N0.95) and the model can be considered statistically
signiﬁcant according to the F-test with 95% of conﬁdence. The
calculated values discussed previously were greater than the listed
values, F-value of 32, which are higher than F(7,22). The coefﬁcient ofTable 5
Regression analysis (ANOVA) for Eq. (4).
Sources of
variation
Sum of
squares
Degrees of
freedom
Mean
squares
Fvalue Probability P
Model 0.4770 7 0.0681 32 0.0014
Residual 0.0468 22 0.0021
Total 0.5238 29
Correlation coefﬁcients: R2=0.960.
F(0.95,7,22)=2.46.
Fig. 8. Pareto chart of standardized effects on glycerol production.
Fig. 10. Response surface contour for interaction on glycerol production between
temperature and molar ratio.
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variability in the response could be explained by the following model.
YGlycerol = 0:21− 0:1x
2
1− 0:03x2− 0:04x
2
2− 0:075x3 + 0:05x
2
3
− 0:1x24− 0:043x1x2
ð4Þ
Fig. 8 presents the Pareto Chart of standardized effects at p=0.05.
All the standardized effects were in absolute values (to verify which
were positives and negatives). According to Fig. 8, molar ratio (Q) is
the most signiﬁcant variable for glycerol production. The molar ratio
(Q), time (Q), temperature (L) and concentration of catalyst (Q) have
a negative effect on glycerol production.
Fig. 9 shows molar ratio (x1) and time (x4) effects on glycerol
production. As shown already, these parameters (time andmolar ratio)
are signiﬁcant. According to Fig. 9, higher glycerol formation is strongly
favored whenmolar ratio is kept between 6.0 and 12.0 for a given time.
At a higher molar ratio, one can observe that glycerol production
increases initially, reachingamaximumlevel at intermediate time (level
0 or 80 min), and then decreases at high time (level +α or 120 min).
This is the result of negative effects of time and molar ratio quadratic
coefﬁcients. In the ethanolysis of soybean oil, a 10:1 M ratio released
signiﬁcantly more glycerol than a 3:1 M ratio. The response surface in
Fig. 9 shows that the maximum glycerol production is obtained in the
region of the stationary point.Fig. 9. Response surface contour for interaction on glycerol production between molar
ratio and time.Fig. 10 shows glycerol production as being a function of
temperature and molar ratio. In Fig. 10, lowering the reaction time
andhighmolar ratio values can attain higher glycerol formation.Molar
ratio clearly inﬂuenced the reaction rate and ethyl esters yield.
Combining the results presented in Figs. 9 and 10, biodiesel production
is favored, while higher glycerol formation isminimized (applying low
molar ratio values, high times of reaction, and high temperature
levels).
According to Fig. 10, glycerol production increases when molar
ratio is kept between 9 and 10 for a given temperature. Glycerol
formation can be minimized when temperature (x3) or molar ratio
(x1) decreases.4. Conclusions
This research studied the variables affecting soybean oil ethano-
lysis and was carried out under laboratory conditions. Consequently,
using response surface analysis, it was possible to study the effect of
key parameters on biodiesel conversion. Process optimization was
accomplished by applying factorial design and response surface
methodology.
This study clearly shows that response surface methodology was a
suitable method to optimize the operating conditions in order to
maximize the ethyl esters production and minimize the glycerol
production. Graphical response surfaces were used to locate the
optimum point. A full factorial central-composite design (30 assays)
was successfully employed for experimental design and results
analysis. Satisfactory prediction equations were derived for both,
with the ethyl esters and glycerol using RSM. The optimum
concentration for molar ratio, catalysts, time and temperature were,
9:1, 1.3 wt.%, 80 min and 40.0 °C, respectively.
The catalyst tested, sodium hydroxide, gave the highest ethyl ester
yield for the concentration of 1.3%. The best results were obtained at
40.0 °C. This temperature inﬂuenced the reaction time, increasing the
reaction time of 80 min.
Based on the study results, the conclusion is that ethanol can
substitute for the methanol, when it is applied in optimized
conditions, as presented here. As a result, the biodiesel produced
comes from renewable sources (ethanol derived from sugar cane and
soybean oil).
The innovation in this manuscript is the combined use of ethanol
and soybean oil to produce a fuel from 100% renewable energy
413G.F. Silva et al. / Fuel Processing Technology 92 (2011) 407–413sources, since methanol used for biodiesel production is produced
from fossil fuels.
5. Nomenclature
ANOVA analysis of variance;
CCRD central composite rotatable design;
F F-value, test statistic of F distribution;
L linear variable;
p p-value, smallest level of signiﬁcance that would lead to the
rejection of null hypothesis in test statistic;
Q quadratic variable;
R2 coefﬁcient of determination;
RSM response surface methodology;
X independent variables;
x coded variables;
Y dependent variable, predicted response;
α star point of factorial design;
β constant coefﬁcients of mathematical model;
ε random error of mathematical model.
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